The effect of luminal sodium on intestinal glucose absorption at a variety of glucose concentrations was studied with a segmental perfusion technique in normal subjects.
INTRODUCTION
Intestinal absorption of glucose is related in some manner to absorption of sodium ion. Studies both in vitro (1, 2) and in vivo (3) (4) (5) (6) have shown increased sodium transport during absorption of actively absorbed monosaccharides, even when the sugar studied was not metabolizable. In addition, active absorption of sugars appears to have an absolute dependence on the presence of sodium on the mucosal side of the intestinal membrane when studied in vitro (7) (8) (9) (10) . This observation is supported by studies in vivo which have shown a reduction in active sugar transport when sodium was not added to the luminal fluid (11, 12) . Absorption of a number of other actively transported substances such as amino acids (13, 14) , bile salts (15) , and uracil (13) , also depends on the presence of sodium. These observations have led to the formulation of two different concepts of the role of sodium in active transport of nonelectrolytes, one concept which suggests that the main effect of sodium is to participate in carrierfacilitated entrance into the cell (16, 2) , and the other which postulates that the effect of sodium is within the cell and important in the production of the energy required for uphill transport (17) . According to the latter concept, if luminal substrate concentration is high enough, absorption will occur in a downhill direction by carriermediated diffusion regardless of the sodium concentration in the intestinal lumen.
The present studies were designed to examine the role of intraluminal sodium in glucose absorption in man.
METHODS
24 healthy young people were studied on 53 occasions. Paired segmental intestinal perfusion studies were done in random order. Glucose was infused with either sodium at physiological concentration or with a complete osmotic replacement of sodium, one infusion following the other at the same sitting. Thus each subject served as his own control, and absorption rates of glucose with and without infused sodium were compared.
The small intestine was intubated with a two-lumen
The Journal of Clinical Investigation Volume 47 1968 polyvinyl tube weighted with a mercury bag (18) ; the collecting port was 10 cm from the infusion orifice. After an overnight fast (except for water), the position of the tube was determined fluoroscopically and the intestinal segment perfused with test solution delivered by a peristaltic pump 1 at a rate of 15 ml/min. Usually the tube was allowed to pass further into the small intestine after a second overnight period, and the studies were repeated the following day. All solutions contained the nonabsorbable marker polyethylene glycol 4000, PEG, (19) (20) (21) (22) at a concentration of 0.5% and glucose 2 at one of the following concentrations: 1.0, 1.7, 3.4, 6.0, 11.1, 20.0, and 27.8 mmoles/liter. The sodium-free solutions contained mannitol 3 as the osmotic replacement of sodium; the other solutions contained sodium at a concentration of 140 meq/liter as sodium chloride, except those solutions where the glucose concentration was 27.8 mmoles/liter, in which case the sodium concentration was reduced to 132 meq/liter to preserve isotonicity. The solutions were adjusted to isotonicity (290 ± 10 mOsm/liter) with mannitol where necessary.
After a 30 min equilibration period, fluid from the aspirating site was obtained by siphonage and collected over ice in two or more successive 10-20-min collections. The PEG and glucose concentrations in successive collections varied little, 2.3 + 0.2% (mean ± SE) and 9.9 + 0.8%, respectively. Duplicate protein-free filtrates (23) were made of an aliquot of infusion solution and of each of the collected specimens. The filtrates were kept iced and frozen within 6 hr of collection for subsequent determination of PEG and glucose concentrations. Both glucose and PEG were stable in the frozen filtrates for at least 8 months. Additional aliquots were frozen for determination of sodium and osmolality. Glucose could never be detected in collections during perfusions with glucose-free solutions, even during a 10% intravenous infusion of glucose that produced a serum glucose of 150-300 mg/100 ml. On three occasions a perfusion with 6 mm glucose was followed immediately with a perfusion of glucose-free solution; glucose disappeared from the sampled fluid within 10 min which indicated that the 30 min equilibration period was long enough to prevent contamination of the test segment with glucose from the preceding infusion. During many of the studies, venous blood was drawn at the beginning of the study and at the end of the infusion period; serum was separated and protein-free filtrates were prepared for glucose analysis.
24 paired studies were done on five subjects with infusions of 3.4 and 11.1 mm glucose using Tris (hydroxymethyl) aminomethane 4 titrated to a pH of 7.4 sodium chloride, the sodium concentration of the collected fluid averaged 140 meq/liter regardless of the glucose concentration of the infusion, and PEG concentrations were somewhat higher than the concentration of the infusing solution, which indicated net water absorption along the segment. Fig. 1 demonstrates the sodium concentrations of the collection fluid during infusion of sodium-free fluid. It can be seen that a marked lowering of sodium concentration occurred. In fact it is likely that much of the test segment was exposed to a sodium concentration substantially less than that of the fluid reaching the collecting orifices. Dilution of PEG occurred during infusions of sodium-free fluid, suggesting addition of water to the segment; the dilution decreased as more distal intestine was studied.
Relation of glucose absorption to presence of infused sodium. Fig. 2 shows the effect of replacing sodium with mannitol on uphill glucose transport. In only 3 of the 41 studies was glucose absorption greater from a sodium-free perfusion than from its control. A significant inhibition of absorption occurred in the absence of sodium at all three concentrations (mmoles/liter) (23%o at 1.0, P < 0.01; 21%o at 1.7, P < 0.01; 24%o at 3.4, P < 0.001; paired analysis). Glucose concentration in the aspirations obtained during mannitol perfusions was higher than in the samples collected during sodium perfusions despite the greater dilution of PEG. Fig. 3 shows the relation of downhill glucose absorption to sodium in the infusion. Though a small inhibition by the mannitol perfusions did occur (7, 6, 2.3, and 2.0%o for infusion concentrations of 6.0, 11.1, 20.0, and 27.8 mmoles/liter, respectively), it was not significant statistically (paired analysis).
Replacement of sodium with Tris-HCI. Fig. 4 demonstrates that the effect of sodium replacement is not specific for mannitol. Replacement with an osmotic equivalent of Tris-HCl resulted in a significant reduction in glucose absorption at a glucose concentration of 3.4 mmoles/liter (P < 0.005, paired analysis), but not at a concentration of 11.1 mmoles/liter. to determine whether luminal concentrations of glucose in man ever reached levels such that downhill transport could occur. We therefore fed normal subjects one of three meals, the composition of which is estimated in Table III , and collected, over ice, serial 10-min aspirations from the small intestine through a single 2 mm polyvinyl tube. The three meals were ordinary meals purchased from a restaurant; the first three subjects were asked to select a menu that pleased them, providing that they chose some starch-containing foods. Subsequent subjects received one of the three meals. Most of the carbohydrate fraction of each meal represented starch. Table IV shows the glucose concentration of intestinal fluid after these meals. Except for the aspirations from the lowest intestinal level (162 cm from teeth), glucose concentrations were nearly always above 6.0 mmoles/liter, a concentration at which downhill transport from lumen to blood would occur. These concentrations were also higher than those which required sodium for optimal absorption in the perfusion studies. See Table III for composition of meals. § Distance from subjects' teeth to the collecting orifice.
No collections attempted during these periods. ¶ No collection could be obtained during these periods.
sodium-free perfusions resulted in fluid entering the intestinal test segment, probably because the effective osmotic pressure of solutions containing mannitol is higher than that of plasma, despite their identical osmolality (33) . Despite the dilution occurring in the test segment during sodiumfree perfusion, the glucose concentration at the end of the segment was higher than when sodium was present. This finding indicates that the inhibition of glucose absorption during mannitol perfusion was not simply due to a lower mean intraluminal glucose concentration because of dilution.
Two findings suggest that solvent drag played little or no role in enhanced active absorption in the presence of sodium. First, the effect was only noted during uphill transport. With solvent drag one would expect an effect of sodium at all glucose concentrations; in fact a progressive increase in sample PEG concentration occurred with increasing infusion glucose concentrations in the presence of sodium, but not in the sodium-free studies, suggesting greater water absorption at the higher concentrations. Therefore one might expect to see an even greater enhancement by sodium at higher glucose concentrations if solvent drag were the crucial factor. Second, the deliberate enhancement of water absorption by reduction of the tonicity of the infusion solution so that water absorption exceeded that which occurred in the sodium infusions (Table II) did not increase glucose absorption.
The inhibition of active glucose transport did not appear to be the direct result of the substance used to replace sodium. First, the effect occurred with two different osmotic replacements, mannitol and Tris-HCl. Second, prolonged studies of glucose absorption during mannitol infusion resulted in no falloff of absorption. Studies by others using in vitro systems have also suggested that the substances we used to replace sodium were not toxic in themselves (17, 9) .
The lack of inhibition of glucose absorption by sodium-free solution at glucose concentrations higher than those of serum is consistent with the findings of Csaky (17) who, however, used a considerably higher glucose concentration (150 mmoles/liter) to study downhill transport in rats. Because of his findings he concluded that sodium was necessary only for energy-requiring active transport and was not involved in carrier-mediated entrance into the cell. Crane (16) , however, has suggested that the major role of sodium is at the entrance step in forming a ternary complex with glucose and an equilibrating carrier. He postulated that the driving force for entrance of glucose and its accumulation is the downhill luminal-intracellular sodium gradient, with intracellular sodium concentration kept low by an energy-requiring sodium pump. Crane has attributed Csaky's finding of no sodium requirement at high glucose concentration to an additional effect of sodium, namely that the affinity of the carrier for glucose is increased. In support of this proposal he has demonstrated in vitro a dependence of the apparent Michaelis constant of sugar transport on the sodium concentration of the incubation fluid; Vmax was independent of the sodium concentration (34) . Consequently, he felt that at very high sugar concentrations sodium would not be expected to have an effect. Fig. 5 shows a Lineweaver-Burk plot of our data; we used geometric mean concentrations rather than infusion concentrations in order to approximate effective luminal concentrations; the decline in luminal glucose concentration appeared to more closely resemble a logarithmic function than a linear function of the length of the test segment. Others have also used this mean for similar calculation of kinetic data (35, 36 pressed in this fashion, sodium appears to have had an effect at every concentration except when maximal transport rate was approached. It is, in fact, possible that at the higher glucose concentrations a very limited sodium requirement existed but that it was adequately met during sodium-free perfusion since some sodium was always found in intraluminal fluid, as shown in Fig. 1 . These data indicate that the glucose transport system's sodium requirement for optimal absorption is a function of glucose concentration. Although the data appear most consistent with an effect of sodium on the carrier's affinity for glucose, they do not completely exclude the possibility of two transport mechanisms, one operating at low glucose concentration, requiring intraluminal sodium, and the other operating for downhill transport with no sodium requirement. Table V shows the kinetic constants derived from these plots. When separate plots for jejunum and ileum were made (ileal studies being those where the collecting point was 170 cm or more from the teeth), the effect of so- (37) (38) (39) ; however, these authors constructed their kinetic plots on the basis of infusion concentrations, and they used longer intestinal segments in which the effective concentration over the entire segment might be expected to be considerably lower than the infusion concentration. Thus their higher values are not surprising. Our data are more consistent with those of Fisher and Parsons who studied rat intestine in an in vitro system and obtained a Km of about 8 mmoles/liter (40) . Our findings may partially explain the inability of Fleshler, Butt, and Wismar to show an inhibition of glycine absorption in man with sodiumfree perfusions (35) . They used a glycine concentration of 75 mmoles/liter, a level which was about equal to their calculated Michaelis constant, and at which an effect of sodium might not be noticed. Another possibility is that because these workers used a longer test segment and a slower infusion rate, greater equilibration of luminal fluid with intracellular sodium could occur. The finding that glucose concentrations in the upper small intestine after a carbohydrate meal usually exceeded that of serum, even up to 2 hr after the meal, is consistent with the observation of Dahlqvist and Borgstr6m who found total carbohydrate concentrations of between 3000 to 6500 mg/100 ml of which 5-10% was free glucose (41) . Our observations suggest that a large, if not the major part, of glucose absorption in man occurs in a downhill direction at concentrations where there is only a very limited, if any, dependence upon intraluminal sodium concentration.
